Memories of experiences are stored in the cerebral cortex. Sleep is critical for the consolidation of hippocampal memory of wake experiences into the neocortex. Understanding representations of neural codes of hippocampal-neocortical networks during sleep would reveal important circuit mechanisms in memory consolidation and provide novel insights into memory and dreams. Although sleep-associated ensemble spike activity has been investigated, identifying the content of memory in sleep remains challenging. Here we revisit important experimental findings on sleep-associated memory (i.e., neural activity patterns in sleep that reflect memory processing) and review computational approaches to the analysis of sleep-associated neural codes (SANCs). We focus on two analysis paradigms for sleep-associated memory and propose a new unsupervised learning framework ('memory first, meaning later') for unbiased assessment of SANCs.
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Memory, Sleep, and Neural Codes
Memory refers to the capacity of an organism to encode, store, retain, and retrieve information. It can be viewed as a lasting trace of past experiences that influences current or future behavior. Memory uniquely defines a sense of self-identity and includes all information on the 'who', 'what', 'when', and 'where' of our life experiences in the past and present, remote or recent. The time span over which information in memory remains available varies from seconds (shortterm memory) to years (long-term memory). Long-term memory is often divided into two types: explicit or declarative memory ('knowing what') and implicit or procedural memory ('knowing how'). Declarative memory also includes episodic memory (see Glossary), semantic memory (knowledge), and autobiographical memory.
Episodic memory stores details of specific events in space and time, each associated with unique multimodal, multidimensional information content. The hippocampus plays a pivotal role in spatial and episodic memory [1] . Sleep is important for learning and memory [2-6]. On average human beings spend about one-third of their lifetime in sleep, whereas rodents sleep 12-14 h per day. Memory consolidation occurs in sleep, during which a short-term memory can be transformed into a long-term memory. Sleep deprivation deteriorates performance in memory tests and negatively affects attention, learning, and many other cognitive functions [6, 7] . A fundamental task in the study of memory is to understand the representation of SANCs that support memory processing. Simply put, how can we read out memory during sleep? Since sleep-associated memory is influenced by WAKE experiences, how do we identify and interpret memory-related neural representations during sleep in an unbiased way?
To address these questions, neuroscientists record neuronal ensemble activity from the hippocampus and neocortex in sleep sessions before and after a behavioral session. In animal studies 'neural codes' are acquired by implanting multielectrode arrays to record in vivo extracellular neuronal ensemble spike activity [8] [9] [10] [11] [12] . In human studies measurements of brain
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The thalamus (a subcortical structure) plays an important role in sensory gating, arousal regulation, and the generation of thalamocortical sleep spindles. To fully dissect sleep-associated memory, it is critical to understand the threeway communications among the hippocampal-neocortical, thalamocortical, and corticothalamic circuits in sleep.
Combining electrophysiology, imaging, virtual reality, and optogenetics in experimental investigations can significantly expand our understanding of the neural codes underlying memory and sleep.
Optogenetics has proved powerful in testing the causal role of neural circuits in memory consolidation and valuable in the creation of false memories. Finding effective means to consolidate false memories may have a significant impact on future behavior.
Bridging the research gaps between rodents and nonhuman/human primates in sleep studies is the key to dissecting circuit mechanisms in the consolidation of various forms of memory and providing further insights into the treatment of neurological and psychiatric diseases.
